Asbestos, a class of fibrous mineral silicates found in nature, is carcinogenic to both man and experimental animals. Throughout the years, there has been extensive documentation of health problems posed by the fibres. Asbestos workers show a high incidence of asbestosis of lung (Lynch & Smith, 1935; Vorwald et al., 1951) , and several earlier studies indicated the involvement of asbestos in the development of lung cancer (Gloyne, 1933; Doll, 1955; Baraum & Traun, 1958) . More recently, numerous epidemiological and clinical studies have firmly established the correlation between exposure to asbestos fibres and the development of certain malignant neoplasms. These include bronchogenic carcinoma, pleural and peritoneal mesothelioma (McDonald & McDonald, 1977; Wagner et al., 1960; Selikoff et al., 1979) , and to a lesser extent various gastrointestinal, oropharyngeal and laryngeal cancers (Selikoff, 1974; Elmes & Simpson, 1971) .
While the relationship between asbestos exposure and the development of neoplasms seems wellestablished, the underlying mechanisms remain unclear. Numerous experimental studies, both in vitro and in vivo, however, have been developed to determine the various parameters important in the development of the disease. All types of asbestos tested were found capable of inducing tumours at one time or another, and different types of asbestos had different mesothelia producing potential (McDonald & McDonald, 1978) . Furthermore, there appears to be a synergism between cigarette smoke and asbestos in the development of lung cancer in asbestos workers (Selikoff et al., 1968) .
In an attempt to clarify the mechanisms of asbestos carcinogenicity, and to determine whether the aforementioned synergism occurs with agents other than chemicals, we studied the effects of the interaction between asbestos and y-radiation on cytotoxicity and oncogenic transformation using an in vitro cell system. C3H 1OTI/2 mouse embryo fibroblasts were used for these studies. These cells exhibit anchorage dependence and contact inhibition of growth under normal culture conditions (Reznikoff et al., 1973a) . When subjected to carcinogen treatment, however, they form foci that are readily identifiable by their morphology, and when injected into syngeneic animals, produce fibrosarcomas. Cells were maintained in Eagle's Basal Medium supplemented with 10% heat inactivated foetal bovine serum (Gibco), penicillin (50I.U.ml-1) and streptomycin (50 yg ml-1), and were incubated in a waterjacketed humidified incubator at 37°C in 5% C02-air. Only cells from passage 8 through 12 were used for these studies.
UICC standard reference samples of crocidolite and amosite were used and were received as a gift of Dr A. Kagan (Mt Sinai Medical Center, NY). The compositional analysis and size distribution of the UICC fibres have been characterized previously (Timbrell, 1970) . The fibres were suspended in distilled water, autoclaved to sterilize and used at concentrations indicated.
To determine cytotoxicity, 500 or 100 C3H 10TI/2 asynchronous cells were plated per 100mm diameter petri dishes. Asbestos fibres, suspended in 10ml complete medium at concentrations ranging from 2.5-50 4ugml-1 were added to the cultures 18-24 h later. At this time cells have returned to asynchronous exponential growth as indicated by studies based on bromodeoxyuridine incorporation. Cells were incubated with the asbestos-containing media for 24 h, washed twice with buffered salt solution and fresh media added. After 10-12 days incubation, the cultures were fixed with buffered Mirsky solution (National Diagnostic), stained with Giemsa and the number of colonies counted.
To examine the growth rate and saturation density of asbestos-treated cultures, IOTI/2 cells were plated at 5 x 104 cells per dish and treated for 24 h with various concentrations of fibres described above. At each time-point studied, triplicate dishes from each treatment group were trypsinized and the number of cells per dish was determined using a Coulter counter (Coulter Electronics 4 Gy dose of y-rays, or a combination of both. The source of y-rays was a Cesium-137 irradiator, and the absorbed dose rate was 1.38 Gy min-1. All treated and control cultures were then washed twice with buffered salt solution, replenished with fresh medium and incubated for 6 weeks with medium changed every 10 days. The cultures were then fixed, stained and Type II and III foci scored as transformants using the criteria described previously (Reznikoff et al., 1973b) . All dishes were coded and scored independently twice. Transformed foci were cloned and cells were found in previous studies to be anchorage independent and produced fibrosarcoma upon innoculation into athymic nude mice.
In a second set of transformation studies, cells
were plated and irradiated 24 h later with 2 Gy of yrays. After 3 days "fixation time," the cultures were treated with asbestos fibres at either O.lgml-' or 1.0 ug ml-' medium which, in preliminary experiments, proved to be relatively non-toxic and did not induce morphological transformations. Media containing asbestos were changed every 10 days and cultures were fixed and scored as described above after 6 weeks incubation.
Data were analyzed using the two-tailed Student's t-test for unpaired data. Differences between means were regarded as significant if P<0.05.
Both crocidolite and amosite were found to be cytotoxic to C3H lOTl/2 cells. Figure 1 shows the surviving fractions of cells after a 24 h treatment of crocidolite. The fibres induced a sharp and dosedependent decrease in number of colonies formed per dish as fibre concentration increased from 2.5 pg ml-' to 50 pg ml -'. A similar response could also be seen in growth rate when C3H IOT1/2 cells were exposed to crocidolite fibres at concentrations ranging from 5.Oggml-' to 50 gml-' (Figure 2 ).
The fibres shifted the growth curve to the right indicating cell killing and the results were more pronounced at higher concentrations. However, fibre treatment over the concentrations tested did not appear to alter appreciably the saturation density of the cultures. Similar cytotoxicity was also observed with amosite fibres (data not shown). A concentration of 5pgml-P of both crocidolite and amosite fibres was chosen for the transformation studies, because this results in only moderate cell killing. Figure 3 shows the transformants per surviving cell resulting from the various treatments. Table I gives the actual figures on the number of dishes and transformed foci produced. Overall, 5 experiments involving a total of 1,500 dishes were included in the study. Neither crocidolite nor amosite fibres alone induced oncogenic transformation of 1OT1/2 cells at frequencies significantly different from the spontaneous rate. However, cells pretreated with the asbestos fibres for 24h and subsequently irradiated with 4Gy of y-rays, produced significantly higher transformation frequencies than radiation alone (P<0.001 for crocidolite and P<0.01 for amosite fibres). By contrast, no enhancement of transformation frequency was found when asbestos fibres at either 0.1 or 1.0 ugml-1 medium were added to cultures 3 days after a 2 Gy dose of y-rays (data not shown).
These data demonstrate that asbestos fibres, at a concentration which itself was ineffective in inducing oncogenic transformation in vitro, did potentiatiate the oncogenicity of y-rays. However, asbestos did not appear capable of acting as a promoter when added to 10TI/2 cells 3 days after irradiation. Thus, in the context of the 2-stage model of carcinogenesis, asbestos can be aptly categorized as a co-carcinogen. This co-carcinogenic effect of asbestos has been demonstrated epidemiologically in cigarette smoking asbestos workers (Selikoff et al., 1968) with various polycyclic aromatic hydrocarbons (Miller et al., 1965; Smith et al., 1970) and with Moloney sarcoma virus (Kanazawa et al., 1979) . Recent in vitro studies also suggested such a potentiation of asbestos carcinogenicity with the potent chemical carcinogen benzo(a)pyrene (Brown et al., 1983; DiPaolo et al., 1983) . The mechanism of asbestos carcinogenicity is not known. It has been postulated that the chronic irritation induced by the fibres and the subsequent hyperplastic response might be the first step involved in its tumorigenesis. The present studies, however, demonstrate clearly that asbestos can act as a co-carcinogen at the cellular level in low density exponentially growing cells.
The fact that asbestos fibres alone at concentrations that-result in moderate cell killing are ineffective in inducing oncogenic transformation of cells in vitro suggests that the "irritant" nature of the fibres may not be a sufficient criterion for its oncogenicity in vitro or in vivo. Similar negative, promoting response when y-irradiated cultures were exposed to a non-toxic dose of asbestos fibres continuously for the entire experiment indicated that the timing of fibre treatment with regard to the second carcinogen is of critical importance.
Although plasma membranes appear to be the first contact sites between fibres and cells, such interaction seems to induce different cellular responses than those induced by the surface-active type of tumour promoters like croton oil and 12-0-tetradecanoyl-phorbol-13-acetate (TPA). Recent studies have shown that, while TPA could block metabolic co-operation between cells by its effects on cell-cell communication, asbestos fibres appeared to have no effect on such cellular function (Chamberlain, 1983) . Although the basis for the ability of asbestos to potentiate the oncogenic transformation of y-irradiation is not known, preliminary studies from this laboratory indicate that such a combined treatment also induced a significant increase in sister chromatid exchanges above either fibre or radiation treated cells, an indication of possible genotoxicity.
